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YeastThe yeast Nha1pNa+, K+/H+ antiporter has a house-keeping role in pH and cation homeostasis. It is also needed
to alleviate excess Na+ or K+ from the cytoplasm under high external concentrations of these cations. Erv14p, a
putative cargo receptor for transmembrane proteins is required for trafﬁcking of Nha1p from the endoplasmic
reticulum to the plasma membrane. Sensitivity to high Na+ concentrations of the erv14 mutant associated to
the intracellular mislocalization of Nha1p-GFP, together with a lower Na+ efﬂux, indicate the involvement of
this mutual association to accomplish the survival of the yeast cell upon sodium stress. This observation is sup-
ported by the protein–protein interaction between Erv14p and Nha1p detected by the mating-based Split Ubiq-
uitin System and co-immunoprecipitation assays. Our results indicate that even though Erv14p interacts with
Nha1p through the TMD, the C-terminal is important not only for the efﬁcient delivery of Nha1p to the plasma
membrane but also for its dimerization to accomplish its role in yeast salt tolerance.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Cellular homeostasis depends on a complex coordination of proteins
that must be located at the correct compartments, as a requirement for
the establishment of the many different metabolic pathways or func-
tional connections important for the survival of the organisms. In the
particular case ofmembrane proteins, their targeting to a speciﬁc organ-
ellemembrane is essential for the selective transport of ions andmetab-
olites in order to establish the precise conditions of pH, ion and
metabolite gradients. A well-documented example is the salt tolerance
observed in baker's yeast (Saccharomyces cerevisiae) that is mainly
due to the coordinated functioning of three export systems located at
the plasmamembrane of the cell that together, are responsible tomain-
tain low cytoplasmic Na+ concentrations. Two of these systems are, bovine serum albumin; DTT,
; ER, endoplasmic reticulum;
n reading frame; PM, plasma
P, polyvinylpyrrolidone; PM,
tiago),
osario@ibt.unam.mx
), omar@ibt.unam.mxdirectly involved in active extrusion of Na+ to the extracellular space,
a sodium pump, Ena1p [1,2], driven by the hydrolysis of ATP, and
Nha1p, a Na+, K+/H+ exchanger/antiporter [3–5] activated by the in-
ward proton electrochemical gradient generated by the activity of a
third transporter, the Pma1 H+-ATPase. Additionally, Nha1p has also
been associated to K+ efﬂux out of the cytoplasm, and to the regulation
of intracellular pH, membrane potential and cell volume [3,6–8].
Targeting of the two ATPases to the plasma membrane depends on
the interaction between Ena1p with the WD-40 repeat protein, Sro7p
[9], and the interaction between Pma1p and the Sec24 homologue,
Lst1p [10,11]. Recently, it has been reported that the cargo receptor,
Erv14, is required for targeting of a large group of transmembrane pro-
teins to their ﬁnal membrane destination, with Nha1p among them
[12]. The strict dependence of Ena1p and Nha1p on Srop7p and
Erv14p [9,12], respectively, for the proper targeting of the Na+ trans-
porters to the plasma membrane, demonstrates the speciﬁcity of these
secretion pathways. Erv14p has been reported to be located at both,
the ER and Golgi membranes as being part of the COPII-coated vesicles
[13]. However, evidence showing a direct physiological role for the
Erv14p-Nha1p interaction is still lacking. Here, we report 1) that dele-
tion of ERV14 compromises the survival of wild-type and salt sensitive
cells in the presence of high extracellular salt concentrations; 2) the di-
rect interaction between Erv14p and Nha1p, 3) targeting of the full-
length Nha1 antiporter to the plasma membrane depends on the pres-
ence of Erv14p. and 4) Erv14p is necessary for the dimerization of
Nha1 at the plasma membrane.
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2.1. Strains and growth media
The S. cerevisiae BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0,
EUROSCARF) derivative, BYT45 cells (BY4741 nha1Δ::loxP ena1-
5Δ::loxP) were used in this work [14]. BYT45 is highly sensitive to alkali
metal cations as the genes encoding the cation exporters ENA1-5 and
NHA1 are deleted. Further, ERV14was deleted by homologous recombi-
nation using the KanMX marker gene and the Cre-loxP system [15],
producing strains BYT4741erv14Δ and BYT45erv14Δ [16]. Cells were
grown aerobically at 30 °C in standard complete YPD (yeast extract,
peptone, 2% glucose) to prepare competent cells for transformation; in
YPD supplemented with Geneticin (800 μg/ml) to select transformants
with the KanMX gene or minimal YNB (yeast nitrogen base without
amino acids) with 2% glucose, appropriate auxotrophic supplements
and salts when indicated. For identiﬁcation of the phenotypes, cell
growth was recorded for 5 d. For the mating-based Split Ubiquitin
System (mbSUS) assay, yeast media were prepared as previously
described [17]. The THY.AP4 (MATa ura3, leu2, lexA::LacZ::trp1
lexA::HIS3 lexA::ADE2) and THY.AP5 (MATα URA3, leu2, trp1, his3
loxP::ade2) yeast strains were transformed with the pMETYC_GW and
pNX32_GW vectors, respectively [17,18]. Cub clones were pre-
screened to identify false positive and false negative candidates as re-
ported [17,18]. Primers used are listed in supplementary Table 1. Yeast
cells were transformed either by electroporation [19] or by the LiAc
treatment [17].
2.2. Plasmid construction
The YEp352–based plasmids containing the full and truncated NHA1
genes and the NHA1 promoter (pNHA1-985, pNHA1-472 and pNHA1-
CTERM) and pGRU1-originating plasmids (pNHA1-985GFP, pNHA1-
472GFP and pNHA1-CTERMGFP) used in this work were obtained earli-
er [8,20]. To generate the entry clones into the pENTR-TOPO vector, the
ORF of NHA1-985, NHA1-472, NHA1-CTERM and ERV14 without their
stop codons were ampliﬁed by PCR employing the primers described
in supplementary Table 1. Entry clones were generated following
manufacturer's instructions (Invitrogen). The integrity of gene insertion
was conﬁrmed by sequencing and by digestion with PvuII (Roche). The
LR clonase (Invitrogen) was employed to transfer the ERV14 and NHA1-
985, NHA1-472, NHA1-CTERM genes to the pMETYC_GW (Cub clone)
and pXN32_GW (Nub clones) vectors, respectively, that were used in
the mbSUS, generating pERV14-Cub (Cub clone) and pNub-CTERM,
pNub-472 and pNub-985 (Nub clones). To complement the lack of
ERV14 in BYT45erv14Δ cells, the ERV14 gene was cloned into pDR-F1
by an LR clonase reaction (Invitrogen) generating the construct pDR-
F1-ERV14.
2.3. Sodium efﬂux measurements
To measure sodium efﬂux, cells were ﬁrst preloaded with sodium
and the changes in sodium content during time were estimated as
described earlier [20]. Brieﬂy, cells in the early exponential phase of
growth in YNBmedium (OD600=0.2)were centrifuged and resuspend-
ed in YNB with 100 mM NaCl at pH 7.0 (adjusted with NH4OH) and
incubated at 30 °C for 60 min. Then, the cell culture was washed with
cool water and resuspended in Tris buffer (10 mM Tris +0.1 mM
MgCl2 + 2% glucose) pH 4.5 (adding ﬁrst citric acid to pH 4.4 and
then Ca(OH)2 to pH 4.5) containing 10mMKCl (to prevent Na+ inﬂux).
Aliquots were withdrawn at regular time intervals within 60 min,
ﬁltered, washed with 20 mM MgCl2, and then placed into 5 ml of
extraction solution (10 mMMgCl2 + 0.2 M HCl). The cell Na+ content
in the extracts was determined by atomic absorption spectrophotome-
try [20,21]. The experiments were repeated three times. Representative
results are shown.2.4. Fluorescence microscopy
To observe the subcellular localization of the GFP-tagged proteins,
cells exponentially growing in liquid YNB medium were observed
under an Olympus AX70 microscope and images were taken with an
Olympus DP70 digital camera (Olympus Optical Co.). Nomarski optics
was used for whole-cell pictures. A U-MWB ﬂuorescent cube with an
excitation ﬁlter 450–480 nm and a barrier ﬁlter 515 nm was used for
GFP visualization. Images were processed with the programme Corel
Paint Shop Pro X6 (Corel). Alternatively, ﬂuorescence microscopy was
performed using an inverted multiphotonic confocal microscope
Olympus FV1000 equipped with a 60× oil immersion objective
(Olympus). GFP was visualized by excitation with a Multi-line Argon
laser at 488 nm and spectral detector was set between 515/30 nm for
emission.
2.5. Preparation of microsomal membrane fractions
Membrane fraction was prepared from yeast cells according to
Nakanishi et al. [22] with some modiﬁcations. Yeast cells were pre-
cultured at 30 °C 1 day in YNB medium. An aliquot of this cell suspen-
sion was cultured in 500 mL for 12 h to reach the exponential phase.
Cells were collected by centrifugation at 4000 ×g for 5 min. After a
20 min incubation in 0.1 M Tris, 10 mM DTT, 0.1 M glucose at pH 9.5,
cells were pelleted at 4000 ×g for 5 min and treated with a digestion
buffer containing 0.1 M glucose, 0.9 M sorbitol, 50 mM Tris–Mes
pH 7.6, 0.043% (w/v) YNB w/o aa, 0.25× drop out mix -His and -Met,
0.05% Zymolyase and 5 mM DTT for 3 h at 30 °C in a shaker chamber.
Spheroplast were collected by centrifugation at 4000 ×g for 10 min at
4 °C and resuspended in 1.1 M Glycerol, 1.5% PVP 40000, 50 mM Tris–
Mes pH 7.6, 5 mM EGTA, 0.2% BSA, 1 mM PMSF, 1 mM DTT, 0.5 mM
BHT and 1 mg/L Leupeptine and then homogenized in a glass homoge-
nizer. After centrifugation at 4000 ×g for 10 min to remove cell debris,
the supernatant fraction was centrifuged at 13,000 ×g for 15 min
obtaining the fraction P13 from the pellet. The supernatant was centri-
fuged at 100,000 ×g for 1 h and the membranes collected from the
pellet were named P100. Fractions P13 and P100 were resuspended in
suspension buffer 0.3 M sorbitol, 5 mM Tris–Mes, pH 7.6, 1 mM DTT,
1 mM PMSF and 1 mg/L leupeptine and stored at−80 °C until use.
2.6. Immunoprecipitation
For protein immunoprecipitation, 30 μg of the microsomal
membrane fraction from BYT45erv14Δ cells was incubated with
500 μL of NET-gel buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.1%
Nonidet P-40, 1 mM EDTA, and 0.25% gelatin) containing anti-OsCNIH1
(generated by ProSci Incorporated) or anti-GFP (Sigma-Aldrich) anti-
bodies (1/100 dilution) for 1 h at 4 °C on a rotating table. Protein A Se-
pharose CL-4B (20 μL; Amersham) was added and the slurry rocked
for another 2 h at 4 °C. Samples were then centrifuged at 12,000 ×g
for 20 s and the supernatant eliminated using a 1-mL syringe. The pro-
tein pellet was washed twice with NET-gel buffer followed by a ﬁnal
rinse with wash buffer (10 mM Tris/HCl, pH 7.5, 0.1% Nonidet P-40)
and centrifuged at 12,000 ×g for 20 s. The pellet was then resuspended
with 10 μL of 2.5%-Laemmli sample buffer [23], and heated at 95 °C for
3min. Samples were centrifuged at 10,000 ×g for 1min prior to loading
onto a 12.5%-linear acrylamide gel for SDS-PAGE and subsequent
protein blotting.
2.7. SDS-PAGE and protein immunoblotting
Samples were prepared according to the method of Parry et al. [24].
Protein was precipitated by dilution of the samples 50-fold in 1:1 (v/v)
ethanol:acetone and incubated overnight at−30 °C. Sampleswere then
centrifuged at 13,000 ×g for 20min at 4 °C using an F2402 rotor in a GS-
15R table-top centrifuge (Beckman). Pelletswere air dried, resuspended
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heated at 60 °C for 2 min before loading onto 12.5%-(w/v) linear
acrylamide mini-gels. Unless stated in the ﬁgure legends, 12 mg of
protein was loaded per lane. SDS-PAGE-separated proteins were
electrophoretically transferred onto nitrocellulose membranes
(Millipore) by standards methods. Following transfer, proteins
were stained with Ponceau S protein stain (0.1% w/v in 1% v/v acetic
acid for 30 s) to check for equal loading/transfer of proteins. Mem-
branes were then blocked with TBS (100 mM Tris, 150 mM NaCl)
containing 0.02% (w/v) Na-azide, and 5% (w/v) fat-free milk powder
for 2 h at room temperature. Blocked membranes were incubated for
aminimum of 3 h at room temperature with the appropriate primary
antibodies either with anti-OsCNIH1 (ProSci Incorporated), anti-GFP
(Sigma-Aldrich) or anti-Dolichol–Phosphate–Mannose Synthase
(Molecular Probes) followed by the addition of a 1:3000 dilution of
secondary antibodies (goat anti-rabbit or - mouse) conjugated to
horse radish (Armoracia lapathifolia) peroxidase (Santa Cruz Bio-
technology). Immunodetection was carried out using the chemilu-
minescent Luminata™ Crescendo procedure (Millipore). Images
were captured using Gel Doc™ XR+ System (BioRad).
2.8. Protein identiﬁcation by tandem mass spectrometry (LC–MS/MS)
Protein spots from the 1-D gel that corresponded to the bands
recognized by the antibody were sent to the Proteomics Facility at the
Institut de Recherches Cliniques de Montreal, Canada, and process as
previously described [25]. All MS/MS samples were analysed using
Mascot (Matrix Science, London, UK; version 2.5.1). Mascot was set up
to search theNCBI_S._cerevisiae_txid_4932 database (unknown version,
134,718 entries) assuming the digestion enzyme trypsin. Mascot was
searched with a fragment ion mass tolerance of 0.52 Da and a parent
ion tolerance of 10.0 PPM. O + 18 of pyrrolysine and carbamidomethyl
of cysteinewere speciﬁed inMascot as ﬁxedmodiﬁcations. Oxidation of
methionine was speciﬁed in Mascot as a variable modiﬁcation. Scaffold
(version Scaffold_4.2.1, Proteome Software Inc., Portland, OR) was used
to validate MS/MS based peptide and protein identiﬁcations. Peptide
identiﬁcations were accepted if they could be established at greater
than 95.0% probability by the Peptide Prophet algorithm [26] with
Scaffold delta-mass correction. Protein identiﬁcations were accepted if
they could be established at greater than 99.0% probability and
contained at least 2 identiﬁed peptides. Protein probabilities were
assigned by the Protein Prophet algorithm [27].
3. Results
3.1. ERV14 deletion in S. cerevisiae confers salt sensitivity
The concerted functioning of the Na+, K+/H+ antiporter Nha1 to-
gether with the plasma membrane H+-ATPase, Pma1, are well charac-
terized mechanisms responsible for regulating intracellular K+, Na+
and pH in yeast [3,5,28–31]. A prerequisite for the proper functioning
of any plasma-membrane protein, including these two transporters, isFig. 1.Deletion of ERV14 diminishes salt tolerance of S. cerevisiae cells. Salt tolerance of the BY47
cells on YNB plates supplemented with NaCl or KCl as indicated. Pictures were taken after 3 (Co
representative result is shown.their correct targeting via the secretory pathway to the ﬁnal destination.
Recently, it has been demonstrated by deletion of ERV14, that encodes
the cargo receptor Erv14, that the protein is required for the ER exit of
an important number of plasma-membrane proteins including Nha1p
[12]. Since (i) Nha1p is involved in cell tolerance to Na+ and K+ [5]
and (ii) Erv14p was identiﬁed as a cargo receptor for Nha1p [12], we
ﬁrst tested if lack of Erv14p inﬂuenced the salt tolerance of cells with
a drop test assay on a series of YNB plates containing increasing concen-
trations of NaCl (150–1500 mM) or KCl (600–1800 mM). As demon-
strated in Fig. 1, wild-type BY4741 cells can tolerate quite high
concentrations of salts in the growth media (up to 1500 mM NaCl and
1800 mM KCl), and deletion of ERV14 resulted in severe growth inhibi-
tion in the presence of sodium salts, and partial inhibitionwith high KCl
concentrations, as shown for three independently obtained deletion
mutants (Fig. 1; BY4741erv14Δ). These results indicated an association
between the absence of Erv14p and increased Na+ and K+ sensitivity
of the mutant strains.
3.2. The protein–protein interaction between Erv14p and Nha1p requires
the transmembrane domain of the transporter
If the delivery of Nha1p to the plasma membrane depends on the
Erv14p cargo receptor according to the results shown in Fig. 1 and
those reported by Herzig et al. [12], it is probably that a direct
protein–protein interaction occurs between the two proteins. In order
to asses this possibility, we used thembSUS and probe the protein–pro-
tein interaction in selective media (see Material and Methods). Growth
of diploid yeast cells indicated the interaction between Erv14p and
Nha1p (Fig. 2A; pERV14-Cub/pNub-985/IS-0), and conﬁrmation of the
interactionwas obtainedwhen the diploid cellswere grown in the pres-
ence of 0.5 mM methionine, which acts as a repressor of the pMETYC
promoter [32] (Fig. 2A; pERV14-Cub/pNub-985/IS-500). As expected,
Erv14p associated with soluble NubWT, but not with soluble NubG
that were used as false negative and false positive controls, respectively
(Fig. 2A). As additional evidence conﬁrming the interaction between
Erv14p and Nha1p, we assayed the activity of LacZ by incubating the
cells with X-Gal and observed the development of the blue signal in
diploid cells containing Erv14p and Nha1p (Fig. 2A; pERV14-Cub/
pNub-985, LacZ). The positive reaction with X-Gal was also observed
with soluble NubWT, but notwith soluble NubG, (Fig. 2A, LacZ). Togeth-
er, these results indicated the interaction between Erv14p and Nha1p
and suggested the possibility that targeting of the latter depends on
the former, as also suggested by the results of Herzig et al. [12]. In
order to conﬁrm the interaction between Erv14p and Nha1p in
BYT45erv14Δ cells, we carried out co-immunoprecipitation analysis to
microsomal proteins employing antibodies against GFP or against the
rice cornichon (OsCNIH1), a homologue of Erv14p (Supplementary
Fig. 1). When Nha1p-GFP was immunoprecipitated with the GFP anti-
body and the associated proteins were immunoassayed with the
OsCNIH1 antibody, a band of approximately 33 kDa was identiﬁed
(Fig. 2B), larger than the expected molecular weight of Erv14, 16 kDa.
In order to clarify this apparent inconsistency, we sequenced the41 strain and three independent BY4741erv14Δmutants was determined by the growth of
ntrol) or 4 (NaCl, KCl) days, respectively. The experiment was repeated three times and a
Fig. 2. Identiﬁcation of the interaction between Erv14p and Nha1p. A Protein–protein interactions between Erv14p and the full-length Nha1p(pNha1-985), the N-terminus (pNha1-472)
or C-terminus (pNha1-TERM) parts of the exchanger were identiﬁed with the mbSUS in selective medium in the absence (IS-0) or in the presence of methionine (0.5mM; I S-500). Cor-
roboration of the interactionswas demonstratedby activation of LacZ and revealedwithX-Gal as substrate (LacZ).NubWTandNubGwere usedas false negative and false positive controls,
respectively. B Employingmicrosomal proteins, immunoprecipitation (IP) of Nha1p-GFP (anti-GFP) or Erv14p (anti-OsCNIH1) led to the isolation of Erv14p orNha1p-GFP, respectively, as
detected by Western blot (IB).
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peptides associated to Erv14 (Supplementary Table 2), thus conﬁrming
the presence of the cargo receptor in this band and suggesting the di-
merization of the protein. Immunoprecipitation of Erv14p followed by
immunoblot of the accompanying proteins with anti-GFP highlighted
a band of 130 kDawhich closely corresponded to the expected molecu-
lar weight of the fused protein Nha1p-GFP (109 kDa Nha1p + 27 kDa
GFP; Fig. 2B).
The Nha1 protein (985 aa long) is a transporter consisting of an N-
terminus containing 12 hydrophobic transmembrane domains (431
aa), and a long hydrophilic C-terminus (554 aa, i.e. 56.2% of the whole
protein). A truncation of the C-terminus (to only 40 aa residues out of
554) did not affect the Nha1p localization or its substrate speciﬁcity,
but it resulted in a decreased level of Na+ (Li+) export [20]. In an
attempt to identify the binding site in Nha1p that interacts with
Erv14p, we employed two previously characterized truncated versions
of the protein [6,20], the N-terminus half containing all the TMD with
additional 40 amino acids (Nha1p-472), and the C-terminus half
corresponding to the 519 amino acids of the long cytoplasmic tail
(Nha1p-CTERM, aa 467–985). We probed if these two sections of
Nha1p interacted with Erv14p in the mbSUS. Growth of the diploid
cells in the selection medium was observed with cells expressing
Nha1p-472 and Erv14p (Fig. 2; pERV14-Cub/pNub-472, IS-0), but not
with the cells that expressed only the long C-terminus part of the
Nha1p protein (Fig. 2A; pERV14-Cub/pNub-CTERM, IS-0). These results
were conﬁrmed by growth of the diploid cells under the repressed
condition caused by the presence of 0.5mMmethionine in themedium,
where only the cells expressing both, Erv14p and Nha1p-472 could
grow (Fig. 2A; pERV14-Cub/pNub-472, IS-500). Further conﬁrmation
of the interaction between Erv14p and Nha1p-472 was obtained by
identifying the activity of LacZ (Fig. 2A; pERV14-Cub/pNub-472, LacZ).
Together, these results indicated that the interaction between Nha1p
and Erv14p involves the TMD of the transporter.
3.3. Targeting of Nha1p to the plasma membrane depends on the
transmembrane domain of the protein
Oncewe conﬁrmed the interaction between Erv14p andNha1pwith
the mbSUS and by co-immunoprecipitation studies, we proceeded to
analyse if the full and truncated versions of the antiporterwere properly
directed to the plasma membrane, as well as to determine if their
localization was modiﬁed in the absence of Erv14p. For this, we
employed the pGRU1-based vectors that allowed tagging the antiporter,
or its parts, with the GFP. According to previous results [6,20,33,34],
transformation of yeast BYT45 cells lacking the cation exporters with
pNHA1-985GFP, demonstrated that the antiporter was indeed located
at the plasmamembrane as indicated by theﬂuorescent signal observed
around the periphery of the transformed cells (Fig. 3A, BYT45). Whenthe GFP-tagged N-terminus part of Nha1p (pNHA1-472GFP) was
expressed in the BYT45 cells, a similar ﬂuorescence signal was observed
in the transformed cells (Fig. 3B, BYT45), conﬁrming that the C-
terminus-less version of Nha1p was targeted to the plasmamembrane.
In contrast, cells expressing the hydrophilic C-terminus of Nha1p
(BYT45 transformedwith pNHA1-CTERMGFP) presented the protein in-
side the cell, and apparently located in the nucleus (Fig. 3C), as previ-
ously reported [6]. Transformation of the BYT45erv14Δ cells with
pNHA1-985GFP, led to the stacking of the full-length transporter in
the cell interior, apparently localized in the perinuclear ER (Fig. 3A,
BYT45erv14Δ), although some ﬂuorescence was also observed close to
the plasma membrane that may correspond to peripheral ER and/or
plasma membrane [35]. When the same cells were transformed with
pNHA1-472GFP, the ﬂuorescence associated to the truncated Nha1
protein was observed in the periphery of the cell, similarly as in BYT45
cells (Fig. 3B), indicating the presence of Nha1p-472 at the plasma
membrane and/or the peripheral ER (see below). Localization of the
GFP-tagged C-terminus half of Nha1p in the BYT45erv14Δmutant was
observed in the nucleus, just as for the BYT45 cells (Fig. 3C,
BYT45erv14Δ).
3.4. Absence of Erv14p affects salt tolerance and sodium efﬂux mediated by
full version of Nha1p
Looking for physiological information for the interaction between
Nha1p and Erv14p, we assayed tolerance of cells expressing various
Nha1p versions to high extracellular cation concentrations. As shown
in Fig. 4, transformation of the BYT45 cells with either, pNHA1-985 or
pNHA1-472 conferred the capacity of the cells to grow at much higher
concentrations of Na+ or K+ compared to cells transformed with the
empty vector (YEp352) or expressing only the C-terminus of Nha1p
(pNHA1-CTERM). The full version of Nha1p (Nha1p-985) provided
cells with a higher NaCl tolerance than the Nha1p-472 truncated
version (Fig. 4, 800mMNaCl). In BYT45erv14Δ cells, contrasting results
were found, as cells transformed with either, pNHA1-985 or pNHA1-
472 did not tolerate sodium concentration higher than 600 mM, al-
though cells expressing the truncated Nha1p-472 grew slightly better
in the presence of NaCl than cells expressing the full Nha1p. Similar re-
sults, i.e. slightly worse growth of BYT45erv14Δ cells with Nha1p-985
than cells with Nha1p-472 was observed on plates with high KCl
(Fig. 4, 2,000 mM KCl). Interestingly, cells lacking Erv14p, Nha1p and
Ena1p (Fig. 4, BYT45erv14Δ; YEp352) were more sensitive to NaCl or
KCl than BYT45 cells which suggests that Erv14p inﬂuences other
proteins involved in salt tolerance. As expected, BYT45erv14Δ cells
transformed with the hydrophilic C-terminus of Nha1p did not grow
in the presence of even 400 mM NaCl or 800 mM KCl (Fig. 4,
BYT45erv14Δ; pNHA1-CTERM). To support the conclusion that cell
growth at high sodium concentrations was associated to the cation-
Fig. 3. Localization ofNha1p to theplasmamembrane depends on theN-terminus of the protein and requires the presence of Erv14p.Nomarski (left) andﬂuorescence (right)micrographs
of BYT45 or BYT45erv14Δ cells transformed with the plasmids encoding complete GFP-tagged Nha1p (A, pNHA1- 985GFP), truncated Nha1p (B, pNHA1-472GFP) or C-terminal part of
Nha1p (C, pNHA1-CTERMGFP) as indicated. Scale bar is 5 μm.
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we measured sodium efﬂux from BYT45 and BYT45erv14Δ cells ex-
pressing full or truncated Nha1 versions. First, cells were preloaded
with 100mMNaCl at pH 7.0 for 60min. Under these conditions, activity
of Nha1p is minimal because of the very low inwardly-directed proton
gradient across the plasma membrane, allowing a similar sodium load-
ing of cells with and without the antiporter or its parts (the initial
amount of Na+ in average was 142 ± 25 nmol/mg dry weight).
Preloaded cells were then incubated in a sodium-free buffer at pH 4.5
to activate Nha1p and sodium efﬂux was monitored during 60 min.
BYT45 or BYT45erv14Δ cells transformed with the empty vector
YEp352 lost less than 10% of the internal sodium at the end of the
experiment (Fig. 5A, ◊ and ♦). In contrast, BYT45 cells transformed
with the pNHA1-985 exhibited a fast sodium efﬂux that after 15 min
had depleted by 50% internal sodium (Fig. 5A, ●). In comparison,
BYT45erv14Δ cells transformed with pNHA1-985 showed a slower
sodium efﬂux, requiring around 25 min to reduce by 50% the internal
sodium concentration (Fig. 5A, ○). Transformation of both strains with
theplasmid encoding the truncatedNha1p-472 version induced sodium
efﬂux that only caused the loss of 50% intracellular sodium after 60min
(Fig. 5A,▲, Δ). These results were correlated to the amount of protein
present at the plasma membrane by Western blot analysis. As demon-
strated in Fig. 5B, in BYT45erv14Δ cells transformed with pNHA1-
985GFP, a small amount of the antiporter protein (130 kDa)was locatedFig. 4. Absence of Erv14p affects the salt tolerance mediated by the full version of Nha1p. Salt t
encoding the complete (pNHA1-985), truncated (pNHA1-472) or C-terminal part of Nha1p (p
NaCl or KCl as indicated. Plates were incubated at 30 °C and pictures were taken after 3 (Co
three times and a representative result is shown.in the P100 fraction that corresponds to the plasma membrane
(Supplementary Fig. 2), while a much larger proportion was found at
the P13 fraction, corresponding to the ER, as indicated by the presence
of Dpm1 (Dolichol phosphate mannose synthase), an ER membrane
marker. Interestingly, a band of approximately 250 kDawas also detect-
ed in the P13 fraction, that may correspond to the dimer of Nha1p [36].
In cells transformed with the truncated pNHA1-472GFP plasmid, most
of theNha1-472proteinwas present as an≈70 kDa band (the expected
molecular weight of the fused protein, 52.3 kDa Nha1p TMD + 27 kDa
GFP) in the ER, with a perceptible amount present in the P100 fraction
(Fig. 5B, BYT45erv14Δ). Similar transformations in BYT45 cells express-
ing ERV14 clearly demonstrated the presence of the dimer of Nha1p in
the P100 fraction as the main form of the antiporter, while detecting
the presence of both, the monomer and the dimer in the P13 fraction
(Fig. 5B, BYT45). It is important to point out that presence of the
dimer at the plasma membrane was associated with the highest Na+
efﬂux activity (Fig. 5A). In contrast to the results obtained with
BYT45erv14Δ cells, in the ER of BYT45 cells the amount of Nha1p was
more abundant as a dimer than as a monomer. Transformation of
BYT45 cells with the pNHA1-472GFP plasmid demonstrated that the
truncated antiporter was localized to the plasma membrane and ER,
but less abundant than the whole protein without an apparent
dimerazation (Fig. 5B), as indicated by recognition of the ≈70 kDa
band.olerance of BYT45 or BYT45erv14Δ cells transformed with the empty YEp352 or plasmids
NHA1-CTERM) was determined by the growth of cells on YNB plates supplemented with
ntrol, 800 mM KCl) or 5 (NaCl, high KCl) days of growth. The experiment was repeated
Fig. 5. Lack of Erv14p decreases the rate of sodium efﬂux via the complete Nha1p. A Sodium efﬂux from BYT45 (●,▲) or BYT45erv14Δ (○, Δ) cells expressing the full-length Nha1p-985
(●, ○) or truncated N-terminus Nha1p-472 (▲, Δ) proteins. BYT45 (♦) or BYT45erv14Δ (◊) cells transformed with empty YEp352 were used as a negative control. Data are from one
typical experiment from three repetitions. B Membrane localization of Nha1p-985-GFP and Nha1p-472-GFP in BYT45 and BYT45erv14Δ cells. Membranes were separated by differential
centrifugation, with fraction P13 corresponding to the ER as indicated by the presence of Dpm1, an ER resident protein; fraction P100 corresponded to the plasmamembrane, as demon-
strated by the presence of Pma1p (Suppl. Fig. 2).
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localization and Nha1p mediated salt tolerance
Further evidence supporting the dependence of the full-length
Nha1p on the presence of Erv14p for its targeting to the plasma
membrane was obtained by gene complementation of the erv14
mutant. Co-transformation of BYT45erv14Δ cells with the pNHA1-
985GFP and the empty pDR-F1 showed a mislocalization of the
transporter to intracellular structures, probably perinuclear and peri-
plasmic ER (Fig. 6A; pNHA1-GFP + pDR-F1), similarly to what was ob-
served without the empty pDR-F1 (Fig. 3A). In contrast, when the
BYT45erv14Δ cells were co-transformed with pNHA1-985GFP and the
pDR-F1-ERV14, the ﬂuorescence associated to Nha1p was observed at
the plasma membrane (Fig. 6A; pNHA1-GFP + pDR-F1-ERV14),
conﬁrming that proper targeting of the full-length Nha1p to the plasma
membrane does depend on the presence of Erv14p. These results wereFig. 6. Co-transformation of BYT45erv14Δ cells with pDR-F1-ERV14 and pNHA1-985 restores N
ﬂuorescence (left) micrographs of BYT45erv14Δ cells co-transformedwith pNHA1-985GFP and
ent NaCl concentrations co-transformed with pNHA1-985GFP and pDR-F1-ERV14, pNHA1-985supported by a salt-tolerance test with the same set of strains. As dem-
onstrated in Fig. 6B, co-transformation of BYT45erv14Δ cells with
pNHA1-985GFP and pDR-F1-ERV14 conferred the capacity of the cells
to grow better at concentrations as high as 800mMNaCl, while cells ex-
pressing the transporter alone did not grow as well at 600 mM or
800 mM NaCl (Fig. 6B, pNHA1-985GFP + pDR-F1). BYT45erv14Δ cells
transformed with the two empty vectors did not grow at NaCl concen-
tration higher than 200 mM (Fig. 6B, pGRU1 + pDR-F1).
4. Discussion
It is becoming clear that membrane proteins must pass through a
check-in/check-out, tightly regulated system, to reach their resident
compartment after they are synthetized inside the endoplasmic reticu-
lum (ER) [12,37]. One of the processes by which those proteins are se-
lected is through their interaction with speciﬁc cargo receptorsha1p localization to the plasmamembrane and cell salt tolerance. A Nomarski (right) and
empty pDR-F1 (bottom) or pDR-F1-ERV14 (top). B Growth of BYT45erv14Δ cells at differ-
GFP and pDR-F1 or pGRU and pDR-F1. Scale bars in (A) are 5 μm.
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Erv14p as a cargo receptor in the sorting of a large number of trans-
porters, with Nha1p as one of them [12]. In order to characterize further
the role of Erv14p, here we demonstrate that deletion of ERV14 in
S. cerevisiae BY4741 cells reduced tolerance to external sodium and to
a lesser degree, to potassium (Fig. 1), and that this response is due to
a lower amount of Nha1p at the plasmamembrane (Fig. 3), particularly
in its dimer conformation (Fig. 5B). This conclusion was supported by
several pieces of evidence: i) the observed direct interaction between
the two proteins as demonstrated by the mbSUS and co-
immunoprecipitation assays (Fig. 2); ii) stacking of the antiporter in
the ER in the absence of Erv14p (Fig. 3A) with an apparent decrease in
the amount of the dimer form present at the ER (Fig. 5B, BYT45erv14Δ);
iii) diminished amount of Nha1p at the plasma membrane associated
with a smaller sodium efﬂux and lower tolerance in BYT45erv14Δ
(Figs. 3, 4 and 5B); iv) proper localization of the antiporter to the plasma
membrane in BYT45erv14Δ cells upon co-expression with ERV14
(Fig. 6A), associatedwith an increased salt-tolerance (Fig. 6B). Together,
all these results provide strong evidence that reinforce the role of
Erv14p as a receptor for the cargo Nha1p, as a requirement for the cor-
rect targeting of the antiporter to the plasmamembrane. Additionally, it
seems that Erv14p is also required for thedimerization of the antiporter,
as suggested by the larger amount of monomer observed in the ER of
BYT45erv14Δ cells, in contrast to the more abundant dimer in BYT45
cells (Fig. 5B). These results also indicate that oligomerization of
Nha1p occurs in the ER, an observation similar to that reported by
Mitsui et al. [36] who detected this association as puncta in the
cytoplasm of sec18-1mutant cells, that they conclude corresponded to
COPII vesicles.
It has been reported that the long C-terminus of Nha1 is dispensable
for protein targeting as various truncated versions of the protein are
properly delivered to the plasmamembrane, where they are functional,
as was demonstrated by salt-tolerance tests and cation efﬂux measure-
ments [6,20,34,38]. Our results with the mbSUS indicated that interac-
tion between Erv14p and the truncated Nha1p-472 did happen (Fig. 2,
pNub-472-pERV14-Cub), although surprisingly, most of the protein
seemed to remain in the ER (Fig. 5B). However, according to Na+ efﬂux
(Fig. 5A) and tolerance (Fig. 4, BYT45) observed in cells expressing
Nha1p-472, theproteinwas active and it reached theplasmamembrane
in presence of Erv14p (Figs. 3B, 5B). These results conﬁrm that the inter-
action of Nha1p and Erv14p requires the presence of the N-terminus
half of the antiporter, mainly conformed by the trans-membrane
domains (TMD), not only for its correct delivery to the plasma mem-
brane but also for its dimerization. This conclusion is supported by the
lack of interaction between Erv14p and the C-terminus half of Nha1p
(Fig. 2, pNub-CTERM-pERV14-Cub), together with localization of the
C-terminus to the intracellular space (Fig. 3C; BYT45 andBYT45erv14Δ).
These observations agreewith the conclusion given byHerzig et al. [12],
who proposed that the interaction between Erv14p and membrane
cargo proteins must involve the TMD, in view of the absence of a con-
served domain that could indicate a potential Erv14p binding site on
its cargo proteins. A lower amount of Nha1p-985 in the absence of
Erv14p (Fig. 3A, BYT45erv14Δ; Fig. 5B), as expected, was associated
with a higher salt sensitivity of the cells (Fig. 4; BYT45erv14Δ) and
with a lower Na+-efﬂux activity (Fig. 5, ○), giving further support to
the view that the interaction of the two proteins is required for the
proper targeting and functioning of the antiporter. Moreover, and as
already mentioned, our results indicate that Erv14 by itself, or together
with other proteins of the COPII system, may be involved in dimeriza-
tion of Nha1p in the ER (Fig. 5B, BYT45-P13), a step that may also play
a role in the proper delivery of the antiporter to the plasmamembrane.
According to the results shown in Fig. 5, we would like to propose
that Erv14p is required for the dimerization, as well as for localization
to the plasmamembrane of the antiporter to achieve its highest activity.
In the absence of Erv14p, dimerization is severely reduced, decreasing
its abundance at the plasma membrane and as a consequence, leadingto a lower activity of the antiporter and NaCl sensitivity of the cells
(Fig. 4). Apparently, dimerization would also require the whole
antiporter, as suggested by the lower efﬂux activity and smaller
amounts of the truncated protein observed in cells expressing Nha1p-
472 (Fig. 5), suggesting that the C-terminal of Nha1p may play a role
in protein oligomerization. The importance of the interaction between
the truncated antiporter and Erv14p however, is reﬂected in the larger
amount of Nha1p-472 present in the P100 fraction of BYT45 cells,
observing accumulation of the antiporter in the ER of BYT45erv14Δ
cells (Fig. 5B). Interestingly, both Nha1p-985 and Nha1p-472 led to a
similar tolerance to high Na+/K+ in BYT45erv14Δ cells (Fig. 4), indicat-
ing that the ion extrusion achieved by Nha1p-472 is enough to support
cell growth under high salt conditions.
An unexpected result was the higher salt sensitivity of the
BYT45erv14Δ as compared to BYT45 cells (400 mM NaCl in Fig. 4 and
600 mM KCl, not shown). Obtained results suggest that the absence of
Erv14p affected another transporter involved in cation tolerance. A
higher sensitivity to external salt of BYT45erv14Δ cells thus can be a
consequence of an impaired sequestration of cations into the vacuole.
There are at least, three transporters for alkali-metal cation sequestra-
tion into the vacuole, Nhx1p, Vnx1p and Vhc1p [39–41]. One of them,
Nhx1p has already been excluded as a partner of Erv14p [12], thus the
activity/function of the other two may be affected by the Erv14p
absence. The elucidation whether Erv14p inﬂuences the vacuolar
sequestration of alkali metal cations is currently under investigation.
Another unexpected result was the tolerance to high K+ but sensi-
tivity to high Na+ showed by BYT45erv14Δ cells expressing either
Nha1p-985 or Nha1p-472 (Fig. 4). It is possible that under high K+
some systems responsible for extruding this cation are still functioning
in the BYT45erv14Δ strain such as the outward rectifying K+ channel,
Tok1, which would be activated under the depolarization induced by
the high concentration of K+, allowing the efﬂux of the cation and
thus preventing its potential toxic effects [42].
Wewould like to point out the identiﬁcation of Erv14pwith a higher
molecular weight, almost double (33 kDa) the expected weight
(16 kDa), what might be used to suggest that Erv14 forms dimers, as
it has been shown for the homologue in rice, OsCNIH1 [16]. Oligomeri-
zation of other cargo receptors in yeast, like p24 and ERGIC-53 protein
families [43], has demonstrated to be important for their trafﬁc from
the ER to the Golgi apparatus [44]. Erv14p oligomerization or associa-
tion with other unknown proteins could be necessary for the proper
export and packing into COPII vesicles in the ER.5. Conclusions
The direct interaction of Nha1pwith Erv14p has been demonstrated
and denotes the high relevance of the cargo receptor on targeting
properly Nha1p to the plasma membrane. Moreover, the transmem-
brane domain of Nha1p has been identiﬁed as the site of interaction.
The correct localization of Nha1p to the plasmamembrane has relevant
physiological implications on salt tolerance by exporting surplus Na+
and K+ cations, supporting the major role previously identiﬁed for
Nha1p. Moreover, Erv14p seems to be highly important for the efﬁcient
targeting of the full Nha1p with its long hydrophilic C-terminus, as the
truncated Nha1-472 version, in spite of interacting with Erv14p,
seems to be secreted by an Erv14p-independent pathway to the plasma
membrane.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2015.09.024.Transparency document
The Transparency document associated with this article can be
found, in online version.
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